The polyamines spermidine and spermine, and their precursor putrescine, are required for cell growth and cellular functions. The high levels of tissue polyamines are implicated in carcinogenesis. The major sources of exogenous polyamines are diet and intestinal luminal bacteria in gastrointestinal (GI) tissues. Both endocytic and solute carrier-dependent mechanisms have been described for polyamine uptake. Knocking down of caveolin-1 protein increased polyamine uptake in colon cancer-derived HCT116 cells. Dietary supplied putrescine was accumulated in GI tissues and liver in caveolin-1 knockout mice more than wild-type mice. Knocking out of nitric oxide synthase (NOS2), which has been implicated in the release of exogenous polyamines from internalized vesicles, abolished the accumulation of dietary putrescine in GI tissues. Under conditions of reduced endogenous tissue putrescine contents, caused by treatment with the polyamine synthesis inhibitor difluoromethylornithine (DFMO), small intestinal and colonic mucosal polyamine contents increased with dietary putrescine levels, even in mice lacking NOS2. Knocking down the solute carrier transporter SLC3A2 in HCT116-derived Hkh2 cells reduced the accumulation of exogenous putrescine and total polyamine contents in DFMO treated cells, relative to non-DFMO-treated cells. These data demonstrate that exogenous putrescine is transported into GI tissues by caveolin-1-and NOS2-dependent mechanisms, but that the solute carrier transporter SLC3A2 can function bidirectionally to import putrescine under conditions of low tissue polyamines.
POLYAMINES ARE SMALL ORGANIC compounds that have two or more amino groups and are found in almost all organisms (6, 13) . The major polyamines found in cells are spermidine and spermine, and their precursor putrescine. Among these, putrescine and spermidine are essential factors for cell growth (4) . Polyamines can bind to anions such as DNA, RNA, and ATP and can thereby regulate their functions (9) . The major sources of exogenous polyamines come from diet and luminal bacteria (11) . An antibiotic treatment to remove microbial flora activity (7) or polyamine-free diet (15) increased the polyamine-depleting effect of the polyamine biosynthetic enzyme inhibitor difluoromethylornithine (DFMO). These results indicate that transport makes a significant contribution to cellular polyamine levels.
We have identified the amino acid transporter SLC3A2 as a polyamine export protein in colon cancer-derived cells (24) . SLC3A2 associated with the polyamine catabolic enzyme spermidine/spermine N 1 -acetyltransferase, SAT1, and catalyzed the export of acetylated polyamines by the polyamine/ arginine exchange reaction. As for polyamine uptake, we have reported that polyamine uptake was mediated by caveolaedependent endocytosis in colon cancer-derived cells (16) .
Caveolae are flask-shaped invaginations of plasma membrane with a diameter of 50 -100 nm. They have been implicated in endocytosis and signal transductions (10, 12) . Caveolin-1 is a major structural protein of caveolae in nonmuscle cells and negatively regulates the caveolae-dependent endocytosis by stabilizing caveolae structure (19) . In a previous study, we showed that knocking down caveolin-1, using an anti-sense RNA method, increased polyamine uptake activity in colon cancer-derived HCT116 cells (16) .
Polyamine transport is well characterized in Escherichia coli and Saccharomyces cerevisiae (8, 20 -23) . There are several polyamine transport proteins classified as ATP binding cassette transporters and proton potential-dependent solute carriers. In mammalian cells, no transporters like these are identified. The importance of caveolar endocytosis-dependent polyamine transport in animal is not clear.
In this report, we examined the significance of caveolaedependent endocytosis in polyamine uptake in vivo using genetically engineered mice. We also investigated the role of SLC3A2 in polyamine transport in colon-derived cells. We found that putrescine uptake in gastrointestinal tissues was mediated by caveolar endocytosis-and nitric oxide synthase (NOS2)-dependent mechanisms and, under specific conditions, SLC3A2 catalyzed putrescine uptake.
MATERIALS AND METHODS
Cell culture. The human colorectal carcinoma cell lines HCT116, transfected with mock vector (HCT116/Mock) or caveolin-1 antisense (HCT116/Cav-1 A. S.), were a kind gift from Dr. B. Sloane and Dr. D. Cadavello-Medved (3). The Hkh2 cell line transfected with short hairpin RNA (shRNA) for SLC3A2 was isolated previously (24) . These cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Puromycin was supplied at 0.5 g/ml in the HCT116/Mock and HCT116/Cav-1 A. S. culture media. Cells were maintained in a humidified incubator at 37°C with 5% CO 2. Animals. The wild-type B6129SF2/J, caveolin-1 knockout STOCK Cav1 tm1Mls /J, and NOS2 knockout C57BL/6-NOS2 tmlLau /J mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All the animals were raised in cages under nonsterile microisolator conditions and fed with the AIN-93G diet (Harlan Teklad, Indianapolis, IN). Putrescine and/or D,L-␣-difluoromethylornithine (DFMO) was supplemented in drinking water at 1%. After 2 wk, mice were euthanized by CO 2 inhalation and the small intestine and colon were collected.
Measurement of polyamine content in mice tissues. Mice tissues (20 mg) were homogenated in 0.2 N HClO 4 and acid soluble fractions were separated by reverse-phase ion pair HPLC. Polyamines were detected as described by Seiler and Knodgem (17) . Total protein contents were determined by the bicinchoninic acid (BCA) protein assay reagent (Pierce, Rockford, IL).
Polyamine transport assay in cells.
For kinetic analysis, polyamine uptake activity was measured as described previously (24) 3 H]putrescine (37 MBq/ mmol) with or without 5 mM DFMO and 50 M 1400W (N-([3-(aminomethyl)phenyl]methyl)ethanimidamide dihydrochloride; Sigma) for 2 days. Cells were washed twice with PBS containing 10 mM putrescine and lysed in 0.5 N NaOH. Radioactivity was counted by use of a Beckman LS 5000TD scintillation counter. Total cellular protein content was determined by the BCA protein assay reagent.
Western blot analysis. Cells and mouse tissues were washed with buffered saline and homogenized in lysis buffer (10 mM Tris·HCl, pH 8.0 containing 10 g/ml aprotinin, 500 M sodium orthovanadate, 10 g/ml phenylmethylsulfonyl fluoride). After brief centrifugation, supernatant was used for Western blot analysis. Protein (40 g) was separated on a 10% polyacrylamide gel and transferred electrophoretically to a Hybound-C nitrocellulose membrane (Amersham, Arlington Heights, IL). Caveolin-1, NOS2, NOS3, SLC3A2, flotilin 1, and ␤-tubulin were detected by ECL Western blotting detection system (GE Healthcare) using anti-caveolin-1 (1:2,000 dilution, Santa Cruz Biotechnology), anti-NOS2 (1:2,500 dilution, BD Transduction Laboratories), anti-NOS3 (1:2,500 dilution, BD Transduction Laboratories), anti-SLC3A2 (1:1,000 dilution, Santa Cruz Biotechnology), anti-flotilin 1 (1:1,000 dilution, BD Transduction Laboratories), and anti-␤-tubulin (1:10,000 dilution, Santa Cruz Biotechnology) as primary antibodies.
RESULTS

Caveolin-1 negatively regulates polyamine uptake activity.
We have reported that caveolae-dependent endocytosis played an important role in polyamine uptake (16) . To obtain the detailed information, we determined kinetic characteristics of polyamine uptake. Figure 1 shows polyamine uptake activities of HCT116 cells transfected with mock vector (HCT116/ Mock) and caveolin-1 antisense (HCT116/Cav-1 A. S.). Caveolin-1-dependent transport of polyamines was observed in HCT116 cells (Fig. 1) , which putrescine transported more than spermidine, which was transported more than spermine in a molar basis. The effect of caveolin-1 on spermine transport was less than that for either putrescine or spermidine, but still statistically significant (P Ͻ 0.05, Fig. 1C) . K m and V max values for polyamine uptake are summarized in Table 1 . K m values for putrescine, spermidine, and spermine uptake were at the same levels in two cell lines (P Ͼ 0.1). V max values for putrescine and spermidine uptake were significantly higher in HCT116/ Cav-1 A. S. cells, compared with HCT116/Mock cells. An increase in V max value for spermine uptake in HCT116/Cav-1 A. S. cells was small but statistically significant (P Ͻ 0.01). These results indicated that caveolin-1 negatively regulated polyamine uptake by decreasing uptake rate. Caveolin-1 did not change the affinity for polyamines. The knockdown of caveolin-1 in HCT116/Cav-1 A. S. cells was confirmed by Western blot analysis (Fig. 1D) . Caveolae-dependent endocytosis and NOS2 play significant roles in polyamine transport in vivo. We examined the significance of caveolae-dependent endocytosis in polyamine uptake in vivo using caveolin-1 knockout mice. Dietary polyamine uptake was analyzed by measuring polyamine contents in the small intestine, colon, and liver after supplementation of 1% putrescine in drinking water for 2 wk. DFMO was used to inhibit synthesis of endogenous polyamines.
We examined the role of NOS2 in polyamine transport, as others have suggested that nitric oxide (NO)-dependent cleavage of heparan sulfate was required for release of polyamines from endocytic vesicles (1). As shown in Fig. 2 , putrescine, spermidine, and spermine contents were high in the small intestine of caveolin-1 knockout mice compared with wild-type and NOS2 knockout mice without treatment. The supplementation of 1% putrescine in drinking water increased putrescine Fig. 2 . Effect of caveolin-1 and NOS2 knockout on putrescine transport in vivo. Wild-type, caveolin-1 knockout, and NOS2 knockout mice were treated with 1% putrescine (hatched bar), 1% difluoromethylornithine (DFMO; solid bar), and the combination of 1% putrescine and 1% DFMO (dotted bar) for 2 wk and polyamine contents in the small intestine (A), colon (B), and liver (C) were determined. Open bar, no treatment. Values are means Ϯ SE of determinations in 3 mice. *Statistically significant (P Ͻ 0.05) against wild type. D: protein levels of caveolin-1, NOS2, and NOS3 in the small intestine and colon. ␤-Tubulin levels are shown as a loading control. contents in the small intestine, colon, and liver of wild-type mice. In caveolin-1 knockout mice, an accumulation of putrescine was significantly greater in all tissues compared with wild-type mice (P Ͻ 0.05). The accumulation of putrescine was significantly low in NOS2 knockout mice (P Ͻ 0.05 against wild type). These results indicated that the uptake of putrescine in the small intestine and colon were mediated mainly by caveolar endocytosis and a NOS2-dependent mechanism and affected liver polyamine levels. DFMO reduced putrescine content in the small intestine of wild-type and caveolin-1 knockout mice. On the other hand, DFMO significantly increased putrescine content in the colon and liver of caveolin-1 knockout mice (P Ͻ 0.05). The spermidine contents in the small intestine of wild-type, caveolin-1 knockout, and NOS2 knockout mice were reduced by DFMO treatment. DFMO treatment increased spermine content in the small intestine. The combination of putrescine and DFMO restored putrescine and spermidine contents in the small intestine, colon, and liver of all kinds of mice. The knockout of caveolin-1 and NOS2 was confirmed by Western blot analysis. As shown in Fig. 2D , the expression of caveolin-1 and NOS2 was not detected in caveolin-1 or NOS2 knockout mice, respectively. It was also found that NOS2 expression in the small intestine and colon was upregulated in the caveolin-1 knockout mouse. The expression level of NOS3 in the small intestine was increased in the NOS2 knockout mouse.
SLC3A2 mediates polyamine uptake in DFMO-treated cells. As shown in Fig. 2 , the combination of putrescine and DFMO restored putrescine and spermidine contents not only in wildtype and caveolin-1 knockout mice but also NOS2 knockout mice. Putrescine alone did not increase tissue polyamine levels in NOS2 knockout mice. These results suggested that, in DFMO-treated tissues, putrescine uptake was mediated by a NOS2-independent mechanism. We have reported that the cationic amino acid transporter SLC3A2 mediated putrescine export by putrescine/arginine antiport activity (24) . We tested whether SLC3A2 can mediate uptake of putrescine in the reverse direction in DFMO-treated cells. As shown in Fig. 3A , 5 mM DFMO increased the accumulation of exogenous putrescine in mock-transfected cells. This increase of putrescine accumulation was significantly lower in SLC3A2 shRNA transfected cells compared with mock-transfected cells. Inhibition of NOS2 activity by using NOS2-specific inhibitor 1400W (5) decreased the accumulation of exogenous putrescine in both cells. DFMO increased the accumulation of putrescine in mock-transfected cells even in the presence of 1400W. This effect was significantly decreased in SLC3A2 shRNA transfected cells. These results indicated that SLC3A2 mediated the uptake of putrescine in DFMO-treated cells. The expression level of SLC3A2 was significantly decreased by shRNA transfection (Fig. 3B) . The levels of caveolin-1 and NOS2 were not affected by SLC3A2 shRNA (Fig. 3B) .
DISCUSSION
In this study, we found that polyamine transport in gastrointestinal tissues was mediated by both endocytic and solute carrier transport mechanisms. Knocking down of caveolin-1 increased V max for polyamine uptake but did not affect K m values (Table 1) . These values indicated that induction of caveolar endocytosis by caveolin-1 knockdown increased the frequency and/or the number of polyamine internalization but did not change the affinity of polyamine binding to the cell surface. An increase in putrescine accumulation in caveolin-1 knockout mice indicated that the uptake of putrescine occurred via caveolar endocytosis. Putrescine uptake was diminished in NOS2 knockout mice. It has been suggested by others that NO was required for the release of polyamines from intracellular vesicles (1). Our results indicate that caveolar endocytosis and NO production, which is catalyzed by NOS2, played a major role in putrescine uptake in gastrointestinal tissues.
The decrease in tissue putrescine and spermidine contents caused by DFMO was restored by putrescine in wild-type mice as expected. Surprisingly, dietary putrescine also restored intestinal and colonic spermidine pools in NOS2 knockout mice (Fig. 2) . This result implied that dietary putrescine was being taken up by an endocytosis-independent mechanism and subsequently metabolized into spermidine. The results in Fig. 3 indicate that SLC3A2 can function as a putrescine importer under conditions of high extracellular and low intracellular putrescine. As shown in Fig. 2 , DFMO decreased tissue polyamine levels. Supplementation of putrescine to DFMO-treated tissues and cells forms a concentration gradient across the plasma membrane. It is possible that this concentration gradient drives SLC3A2 to function as a putrescine importer, rather than an exporter. Recently it was reported that bidirectional transport of amino acids by the solute carrier transporter containing SLC3A2 played a regulatory role in autophagy (14) .
Inhibition of polyamine synthesis with DFMO caused putrescine contents in the colon and liver to increase, compared with the nontreated group in caveolin-1 knockout mice (Figs.  2, B and C) . The same treatment caused putrescine contents to decrease in the small intestine ( Fig. 2A) . These results suggested that DFMO treatment increased uptake (2) of colonic luminal polyamines, possibly produced by luminal bacteria. This result suggests that colonic luminal bacterial polyamines can contribute significantly to tissue polyamine levels.
The expression of NOS2 in caveolin-1 knockout mice was increased compared with wild-type mice (Fig. 2C) . It was reported that the expression of NOS2 was inhibited by caveolin-1 in neuroblastoma cells (18) . The mechanism and the role of polyamines in the regulation of NOS2 expression are unknown and should be addressed in further studies. A compensatory increase in intestinal but not colonic NOS3 expression in the absence of NOS2 was observed as reported previously by us (25) . NOS3 was mainly localized to the nucleus and cytoplasmic expression was low in NOS2 knockout mice (25) . Because of this cellular distribution, polyamine uptake was likely not influenced by NOS3.
Polyamine transport mechanisms are summarized in Fig. 4 . Polyamine uptake in gastrointestinal tissues was mainly mediated by caveolar endocytosis and a NOS2-dependent mechanism. Putrescine and acetylated polyamines are exported by SLC3A2 via a diamine/arginine exchange activity (24) . In certain putrescine concentration gradients, SLC3A2 can catalyze the uptake of dietary putrescine by a reverse reaction. The transport of dietary and luminal bacterial polyamines significantly contributes to the tissue polyamine levels.
